The aim of this study was to clarify the impacts of acquisition parameters on artifacts in four-dimensional computed tomography (4D CT) images, such as the partial volume effect (PVE), partial projection effect (PPE), and mis-matching of initial motion phases between adjacent beds (MMimph) in cine mode scanning. A thoracic phantom and two cylindrical phantoms (2 cm diameter and heights of 0.5 cm for No.1 and 10 cm for No.2) were scanned using 4D CT. For the thoracic phantom, acquisition was started automatically in the first scan with 5 sec and 8 sec of gantry rotation, thereby allowing a different phase at the initial projection of each bed. In the second scan, the initial projection at each bed was manually synchronized with the inhalation phase to minimize the MMimph. The third scan was intentionally un-synchronized with the inhalation phase. In the cylindrical phantom scan, one bed (2 cm) and three beds (6 cm) were used for 2 and 6 sec motion periods. Measured target volume to true volume ratios (MsTrueV) were computed. The relationships among MMimph, MsTrueV, and velocity were investigated. In the thoracic phantom, shorter gantry rotation provided more precise volume and was highly correlated with velocity when MMimph was minimal. MMimph reduced the correlation. For moving cylinder No. 1, MsTrueV was correlated with velocity, but the larger MMimph for 2 sec of motion removed the correlation. The volume of No. 2 was similar to the static volume due to the small PVE, PPE, and MMimph. Smaller target velocity and faster gantry rotation resulted in a more accurate volume description. The MMimph was the main parameter weakening the correlation between MsTrueV and velocity. Without reducing the MMimph, controlling target velocity and gantry rotation will not guarantee accurate image presentation given current 4D CT technology.
INTRODUCTION
State-of-the art radiation therapies, such as intensity-modulated radiation therapy (IMRT), stereotactic radiotherapy, and particle therapy, require precise geometric knowledge of tumor volume. 1) However, organ motion due to breathing hinders the exact determination of target volume since it gives rise to serious representation errors in computed tomography (CT) images, thereby increasing uncertainty in treatment planning and delivery. [2] [3] [4] Currently, four-dimensional computed tomography (4D CT), which is time-resolved CT scanning, is widely used for mitigating motion artifacts in clinical practice, although it cannot eliminate all motion artifacts. Four-dimensional CT data still suffer from artifacts caused by the partial projection effect (PPE) and mis-matching of initial motion phases between adjacent beds (MMimph).
The parameters contributing to 4D CT image quality include the gantry rotation speed, interval between images, and scan duration in retrospect scanning. [5] [6] [7] [8] [9] Temporal resolution in cine images is associated with gantry rotation speed relative to subject motion. In cine scanning which is a retrospective 4D CT technique, cine interval time and duration are linked to the quality of images reconstructed from raw projection data through one gantry rotation. Prospective scans are theoretically less prone to cause motion artifacts in 4D CT images. However, they require a longer scan time when the patient's breathing is not regular, since they produce only one series of images for the predefined respiratory phase. Four-dimensional CT images acquired by retrospective scanning contain more evident artifacts while providing multiple series for different respiratory phases.
Several authors 10, [12] [13] [14] have investigated artifacts in 4D CT images. Eike Rietzel et al. 5) explored the impact of target motion on the PPE, but detailed relationships among motion, projection parameters, and artifacts were not clearly described.
Mori et al. 12) found that banding artifacts were partly caused by a mismatch among respiratory phases of an organ location at each of the couch positions. The volume representation on 4D CT images is affected by target speed, and this correlation was shown by Mitsuhiro Nakamura in a limited range of target speeds.
13)
Further research of causes of artifacts and interrelationships among them is required in order to understand the limitations of current 4D CT technology and to achieve better imaging of moving organs. Therefore, we designed and conducted a series of experiments to explore the partial volume effect (PVE), PPE, and MMimph in 4D CT scans of a target with regular motion.
MATERIALS AND METHODS

Phantom
Two types of phantoms, a thoracic phantom and three cylindrical phantoms, were used in our experiments. An irregularly shaped target object of approximately 15 cc was inserted into the lung section of the thoracic phantom. The phantom was made to move in the superior -inferior (SI) direction with 1 cm/2 cm peak amplitude and a period of 4 sec/6 sec in a sinusoidal pattern.
Cylindrical phantoms had a diameter of 2 cm and different heights; No.1 had a height of 0.5 cm and No. 2 was 10 cm.
The shorter height of No. 1 was specially chosen to test
MMimph. The 10 cm height of No. 2 was used to remove the PVE by scanning an infinitely long object relative to the acquisition scan ranges, which were 2 cm and 6 cm in the experiments.
The cylinders were positioned parallel to each other, and their centers were aligned (Fig. 1 ) on a moving table, similar to the thoracic phantom. To limit the motion of phantom No.
1 within one scanning bed, the motion peak amplitude in the SI direction was chosen to be 0.5 cm (peak-to-peak displacement=1 cm). To test the impact of gantry rotation speed relative to target speed, which is relevant to PPE on image quality, we selected motion periods of 2 sec and 6 sec.
Data acquisition
All CT data were acquired by a 16-slice CT scanner with an 80 cm bore size (LightSpeed RT16: General Electric Healthcare, Waukesha, WI). First, the static scan data were acquired as references, and then the respiratory-gated cine CT scan was performed. The respiratory phase was detected using a real- which is generally used a patient's torso scan and a standard reconstruction algorithm was used. Slice thicknesses of 2.5 and 1.25 mm were used for static data, and a slice thickness of 2.5 mm was used for gated cine data.
For the thoracic phantom scanning, clinical scan parameters were used for the moving phantom (120 kVp and 250 mA).
The scan range encompassed the targeted region, and two gantry speeds, 0.5 sec/rotation and 0.8 sec/rotation, were used.
In order to investigate the effect of MMimph on image quality, the thoracic phantom in motion was scanned twice using the following motion parameters: 1A4P (1 cm peak amplitude and 4 sec period), 1A6P (1 cm peak amplitude and 6 sec period), 2A4P (2 cm peak amplitude and 4 sec period), and 2A6P (2 cm amplitude and 6 sec period).
In the first scan, the beam projection was automatically started at each bed, as in normal practice. In the second scan, 2 phantom was not influenced by the scan range. All scans were started automatically.
The cine interval was assigned as the ratio of the number of phases, which was tententen, to the cyclic period. The 4D CT data were separately reconstructed into ten phases according to the tagged respiratory phase signal in the Advantage 4D software (General Electric Healthcare, Waukesha, WI). To account for actual phase velocities in the analysis, the RPM data at each of the sorted data points were recorded.
Target volume definition and motion velocity calculation
The target volume was determined using Pinnacle3 (Philips Healthcare, Andover, MA). One expert contoured the targets, and Pinnacle3 automatically calculated the target volumes. To maintain consistency, the window level and width were fixed at 1601 and 300, respectively. For cylindrical phantoms, both static images and the 4D CT images were analyzed, and the measured volume to true volume ratio (MsTrueV) was calculated as a measure of imaging accuracy. The true volumes of the cylindrical phantom were calculated, and the true target volume in the thoracic phantom was measured.
The velocity of the object at each phase and bed position was computed following the equation of Mitsuhiro Nakamura, 11) as shown below. Although actual velocities at the same phase in different bed positions might be different, the average velocities in all beds were computed as follows:
In these equations, p is the nominal percentage phase and varies from 0% to 90%, and ph is the percent phase actually detected by RPM, which is different from the nominal phase within the allowed error range. Vj(p) is the velocity of the phantom at the p th phase in the j th bed, A is amplitude, ABS(Vj(p)) is the absolute velocity of Vj(p), and V(p) is the average of the averaged ABS(Vj(p)) in all of the beds (Fig. 2) .
MsTrueV was plotted according to V(p), and the linear correlation between MsTrueV and velocity V(p) was statistically tested.
In order to assess MMimph, the difference in the initial velocities at the starting projection at each bed was calculated as follows:
where V difference (%) is the percent difference of the absolute value of the initial velocities between adjacent beds, and Vj(p0)
and Vj-1(p0') are the velocities of the initial phases (p0/p0') in ) and the correlation between MsTrueV and velocity in the moving thoracic phantom.
was computed only for the center bed which was the main part of the whole lesion volume. The relationship among MsTrueV, its velocity, and ABS(V difference (%) ) was analyzed.
RESULTS
Thoracic phantom
In Table 1 ) (coefficient -0.99), as shown in Fig. 3 
Cylindrical phantom
The MsTrueV values of static phantoms ranged from 1.20 to 2.03 (Table 3) . Table 4 
DISCUSSION
Static phantom tests
It is known that the volume representation of a static phantom is mainly affected by PVE. The manually defined object volumes for static cylindrical phantoms were at least 1.20 times larger than the real volume. According to Rietzel's research 5) the PVE is more pronounced for a small object and ={ABS(Vj-1(p')-ABS(Vj(p)}*100(%)/ABS(Vj-1(p)). ={ABS(Vj-1(p')-ABS (Vj(p)} *100(%)/ABS(Vj-1(p)). 
results in over-estimation in volume representation Two cylindrical phantoms have the same cross-sectional area, so the PVE in the axial (cranio-caudal) direction predominates over the cross-sectional direction. This explanation is supported by the observation of reduced PVE in thinner slice (1.25 mm) images, while the PVE for No. 2 was not much different in the images scanned at 1.25 mm and 2.5 mm ( Table 3 ). The
No. 2 phantom (radius 2 cm and height 10 cm) had nearly the same MsTrueV in the images scanned at 1.25 mm and 2.5 mm since PVE was relatively small for the large volume.
Moving phantom tests
The effects of PVE, PPE, and MMimph on 4D CT motion artifacts were clarified through our tests.
In the thoracic phantom study, we confirmed that the measured volumes in low velocity phases, such as 0%, 50%, and 90%, were closer to the true volume, while the volume was overestimated in the high-speed phases, as previous studies have reported (Fig. 4) .
11) The results obtained from the moving phantom studies, which examined the relationship between PPE and gantry speed, showed that the detected velocity of phantom motion was similar but the measured volumes were different for two different gantry rotation times. MsTrueV of the 0.5 sec gantry rotation time was less than that of the 0.8 ) led to a better correlation between MsTrueV and velocity ( Table 2 ). ). For example (Fig. 6 ), for 40% of phases, the phases that were actually detected in the first, second, and third beds were 41%, 35%, and For the cylindrical phantom studies, a 0.5 sec gantry rota- ), resulted in different velocities at the same nominal phase percent range among beds, which were 41%, 35%, and 37% in the first, second, and third beds, respectively, for the nominal 40% phase.
Motion type
Gantry rotation time (sec/rotation) ={ABS(Vj-1(p')-ABS(Vj(p)}*100(%)/ABS(Vj-1(p)). The work presented here suggests that PVE, PPE, and
MMimph all contribute to artifacts in 4D CT.
CONCLUSION
The resulting 4D CT images showed significant shape distortions on the edges of objects under high velocity. PVE existed in all of the data. The artifacts were more evident on the smaller objects. Thinner slice thickness provided more accurate volume estimation for smaller objects.
Small target velocity reduces the PVE, and faster gantry rotation time decreases PPE, which results in more accurate volume description. We found that MMimph was the main parameter reducing the correlation between MsTrueV and velocity. Without reducing the MMimph, controlling target velocity and gantry rotation will not guarantee accurate image presentation given the scope of current 4D CT technology. A respiratory phase synchronizes with the gantry starting angle and then it can potentially improve the accuracy of 4D CT imaging.
